Temperature fluctuation in fluid causes high cycle thermal fatigue in shroud structure according to its amplitude and frequency. There are still some incidents of thermal fatigue and leakage in light water reactors (Japanese PWR Tomari-2 in 2003, French PWR CIVAUX in 1998), and also in sodium cooled reactors (French FBR PHENIX in 1992). Mixing tee is a typical component where temperature fluctuation occurs. An elbow is often used near the mixing tee and it brings biased velocity distribution and also the secondary flow, which decays unsteadily. Here, influence of upstream elbow in the main pipe was studied in the Water Experiment on Fluid Mixing in T-pipe with Long Cycle Fluctuation (WATLON) facility. Temperature distribution in the mixing tee was measured by a movable thermocouple tree and velocity field was measured by high speed PIV. Measured temperature showed that fluctuation intensity near the wall was larger in a case with the elbow than in a straight case under a wall jet condition where the jet exiting from the branch pipe was bent down to the pipe wall by high flow velocity in the main pipe. Measured flow velocity showed that biased flow velocity distribution and fluctuation due to the elbow influenced bending of branch pipe jet and the temperature fluctuation intensity around the jet.
INTRODUCTION
In the place where hot and cold fluids are mixed, a time and spatial temperature fluctuation occurs. When this temperature fluctuation amplitude is large, it causes high cycle thermal fatigue in surrounding structure (thermal striping phenomena). This phenomena is significant for structural integrity and safety of a fast reactor, which uses liquid metal as the coolant. There is a mixing area of high and low temperature fluids not only in an atomic power plant but also in a general plant. It is useful to investigate this phenomena and also to establish an evaluation rule.
In order to evaluate thermal striping phenomena, several experiments ) and analyses (Muramatsu, 1999) were carried out in Japan Nuclear Cycle Development Institute (JNC). A water experiment, examining thermal striping phenomena, was performed to establish an evaluation rule based on phenomena in a mixing tee. From the flow visualization test, the flow patterns of jet exiting from the branch pipe could be classified into (1)wall jet, (2)deflecting jet, and (3)impinging jet according to the inflow condition. It was confirmed that each jet form could be predicted by momentum ratio of main to branch flows (Igarashi, 2002) .
In this study, a water experiment was performed in order to investigate the influence of upstream elbow in the main pipe for the mixing phenomena in a mixing tee. Elbow can be set near the mixing tee in a real plant. Outlet of the elbow has biased velocity distribution and also the secondary flow, which decays unsteadily. Flow visualization was done to see flow pattern in a mixing region. 
Figure 1 Schematic of test section (Top view)
Detailed temperature distribution was measured by thermocouple tree and the flow velocity distribution was measured by high speed PIV (Particle Image Velocimetry).
A WATER EXPERIMENT FOR A MIXING TEE

Test facility
Test facility consists of a horizontal main pipe and upstream elbow with diameter of 150mm, T-junction connecting to a horizontal branch pipe with diameter of 50mm, buffer tanks and a thermocouple tree. Schematic of the test section is shown in Figure 1 . The elbow and the branch pipe are set on the same horizontal plane. The test section is made of transparent acrylic resin. Square shape water jacket is set around the tee section to reduce curvature influence on flow visualization and PIV measurement. The upstream buffer tank is set to straighten flow in the main pipe. Straight case shown by dotted line was examined in our previous study ).
Flow visualization
Dye was injected into the branch pipe to see behavior of the jet exiting from the branch pipe in the Tjunction. A velocity ratio between the main and the branch pipes was an experimental parameter.
The flow velocity was 0.1 m/s to 3.0 m/s (V m ) in the main pipe and 0.5 m/s to 2 m/s (V b ) in the branch pipe. The velocity ratio (V m / V b ) was 0.05 to 6. The temperature difference was zero (isothermal condition). An Ar laser light sheet was used to see flow pattern in a cross section of the T-junction including two axes of the pipes. The flow pattern in the T-junction was visualized and recorded by a digital video. Classification of the flow patterns depending the flow velocity ratio was carried out.
Temperature measurement
The thermocouple tree was used to measure the fluid temperature inside the main pipe. The 15 thermocouples are installed in the radial direction by 5mm pitch from the center of the main pipe and the 2 thermocouples are set at the positions of 1mm and 3mm from the wall surface with shape of a comb so that the thermocouple tree can measure the radial temperature distribution in the main pipe (see Fig. 1 ). This thermocouple tree can be rotated circumferentially and also moved in the axial direction of the main pipe. Detailed temperature field in the mixing tee can be measured. The temperature measurement points are shown in Figure 2 . The cross points in this figure are the measurement points. In the circumferential direction, a region, where temperature fluctuation was large, was measured by detailed pitch. The sampling frequency was 100Hz (0.01s) and the measurement time was 360s at each point.
Velocity measurement
The high speed particle image velocimetry (high speed PIV) was applied to measure the flow velocity distribution in the tee. The high speed PIV system used in this test is shown in Figure 3 . The PIV system consists of YLF laser, a high speed CMOS camera, a computer and a timing controller.
The nylon powder around 30µm in diameter was used as tracer particle. The cross correlation and sub-pixel method (Sakakibara, 1992) was used for the PIV data analysis. Image size was 160mm x 200mm (1024 x 1280 pixel). The reference region was 22 x 22 pixel and spatial resolution was 3mm x 3mm. The spatial error of the correlation was about 0.2 pixels by using sub-pixel method. The time interval (∆t) between the double pulses of laser was set according to the average velocity in the main pipe (V m ). The velocity measurement error was less than 0.04m/s in case of the wall jet where ∆t was 0.75ms and V m was 1.46m/s, and less than 0.01m/s in the impinging jet case (∆t = 4ms, V m = 0.23m/s). A noise reduction method (Kimura, 2000) was used to reduce influence of halation at the pipe wall. The velocity vector fields of 1636 sets were obtained with interval of 0.005s (200Hz) and time length of 8.2s.
Experimental conditions
The temperature measurements were carried out in typical cases of the wall jet, the deflecting jet and the impinging jet. The experimental conditions are shown in C in the branch pipe). Influences of the temperature difference were examined in a parallel triple-jet experiment (Miyake, 2001 ) on the spatial distribution of the temperature fluctuation and also the frequency characteristics. The temperature difference were varied from 15 to 50 o C in the experiment. The absolute value of temperature difference had nearly no effect on the normalized temperature distribution and also the frequency characteristics, as long as the buoyancy force was negligible. The velocity measurement was mainly carried out in the wall jet case and the temperature difference was zero (isothermal condition). The influence of buoyancy force was negligible under the velocity conditions of over 0.1m/s in the main pipe (Igarashi, 2002) . The measurements were carried out under steady state condition; the flow rates and temperatures at the inlets of main and branch pipes were kept constant. 
EXPERIMENTAL RESULTS
Flow pattern in the tee
Flow visualization test was carried out with parameters of velocity ratio between two pipes. The flow pattern in the T-junction was characterized by the jet behavior exiting from the branch pipe. The branch pipe jet forms in the elbow case were classified into three patterns as well as in the straight case (without the elbow); (1)wall jet, (2) deflecting jet, (3) impinging jet in the order of increasing velocity in the branch pipe. The typical flow patterns obtained by the visualization are shown in Figure 4 . The flow pattern map is also shown in Fig. 4 . The horizontal axis is the momentum in the branch pipe M b , and the vertical axis is the momentum in the main pipe M m . M R is the momentum ratio of the main pipe to the branch pipe. The main pipe momentum, M m , is estimated by product of D m (the diameter of the main pipe) and D b (the diameter of the branch pipe), which corresponds to projection area of the branch jet in the main pipe flow. As shown in Fig. 4 , the flow form of branch pipe jet in the elbow case can be classified by the momentum ratio, M R , as well as in the straight case.
The boundary lines shifted toward larger momentum in the main pipe flow in the wall jet. The range of the momentum ratio M R in each flow pattern with upstream elbow is as follows.
M R < 0.52 The upstream elbow in the main pipe influenced the flow pattern in the tee.
Flow velocity in the elbow
The streamline of time averaged velocity at cross section through the center axis of the elbow is shown in Figure 5 . Magnitude of the velocity is shown by color and normalized by the average velocity in the main pipe, V m . Higher velocity was observed at inner side of the elbow (A) along the line A-A' in the figure. At the outlet of the elbow (Line B-B') flow separation was obviously seen at the inner side of elbow and outer side (B') showed higher velocity. These results are in good agreement with well known flow behavior in the elbow (Enayet, 1982) . The time averaged velocity distributions along y-axis (see Fig. 3 ) just before the tee (Z= -0.36D m ) are compared in Figure 6 between the elbow case and the straight Direction of Jet case and also velocity fluctuation intensity (root mean square, V rms ) in the right side figure. The time averaged velocity and fluctuation intensity are normalized by V m . The elbow case showed lower velocity near the branch pipe side wall (y= -75mm) due to the biased velocity profile at the elbow outlet as seen in Fig. 5 . This lower velocity as compared with the straight case results in higher momentum ratio, M R to shift from deflecting jet to wall jet than that in the straight case.
Temperature field in the tee
From the point of thermal stress in the structure, temperature fluctuation near the wall is of importance. The circumferential distributions of the temperature fluctuation intensity (T rms , root mean square) at 1mm from the main pipe wall (r'=1mm) in each jet form at Z=0.5D m are shown in Figure 7 . The elbow cases are shown in solid symbols and the straight cases in open symbols. The temperature fluctuation intensity are normalized by the temperature difference between two pipes. In the wall jet case, the peak value of temperature fluctuation intensity was higher than that of other flow patterns. The elbow case had higher peak than that in the straight case as for the wall jet pattern. Steep distribution and the peak at θ=30 o in the wall jet cases mean that the high intensity region is limited just outside of the branch pipe edge (θ=20 o ). The axial distributions of the temperature fluctuation intensity in all the cases are shown in Figure 8 . The intensity at each axial position is the maximum in the circumference at r'=1mm. In the results of wall jet case, relatively high temperature fluctuation intensity value was observed in the elbow case than that in the straight case from Z=0.23 to 1 D m and these were higher than that in other flow patterns. 
Thus detailed temperature and velocity fields in the wall jet case were compared between the elbow and straight cases.
Influence of elbow in the wall jet case
Temperature and fluctuation intensity (rms) fields in the wall jet pattern are compared in Figures 9 and  10 between the elbow and straight cases. The time averaged temperature and fluctuation intensity are normalized by the temperature difference between two pipes. The vertical cross section in Fig. 9 means the cross section including the both center axes of the main and the branch pipes (x=0mm plane in Fig. 3 ). The circumferential distribution in Fig. 10 shows the radial position at 1mm from the main pipe wall surface (r'=1mm) and the radial cross sections were plotted at Z=0.5D m and Z=1D m from the tee. Circumferential angle of zero degree corresponds to the direction of the branch pipe.
The time averaged temperature in the elbow case, showed that the low temperature fluid from the branch pipe mixed with the hot flow coming through the main pipe in the shorter downstream region from the tee as compared with the result in the straight case (see Fig. 9 ). A low temperature area (cold spot) was formed by the cold fluid from the branch pipe jet in the downstream region from the branch pipe as shown in the circumferential distribution (see Fig. 10 ). The cold spot in the elbow case occupied smaller area than that in the straight case. The temperature fluctuation intensity was high at the boundary region between the cold jet from the branch pipe and the hot flow coming through the main pipe. The temperature fluctuation intensity in the elbow case was larger than that in the straight case and also the area with high intensity was large as seen in Figs. 9 and 10.
The time averaged streamlines and the velocity fluctuation intensity of the elbow case on vertical cross sections are shown in Figures 11 and 12 . The color in Fig. 11 shows the magnitude of velocity. The time averaged velocity and the velocity fluctuation intensity are normalized by the average velocity in the upstream main pipe, V m . The jet exiting from the branch pipe was obviously seen in each case. The jet direction in the elbow case was slightly shifted to up as compared with that in the straight case. The reason is lower flow velocity in front of the branch pipe jet in the elbow case as seen in Fig.6 . The velocity fluctuation intensity in the lower half of main pipe (branch pipe side) showed higher value in the elbow case than that in the straight case due to the flow separation at the elbow outlet. At this position the temperature deceases rapidly from upper hot region. These mean that the cold branch pipe jet crosses this point y= -25mm. V y component in the elbow case was larger than that in straight case at the peak position (y= -25mm). This means the branch pipe jet flows relatively upward in the elbow case. The temperature distributions in the two cases were similar except for the lower region (y< -30mm). In this region the V z showed negative value in both cases. It means that this lower region is inside of a wake region of main flow behind the branch pipe jet. At Z=1.0D m , the temperature gradient in the elbow case was smaller than that in the straight case and lower part temperature increased as compared with the straight case. V z in the lower part also showed larger value in the elbow case than that in the straight case. That is mixing process between the hot main flow and cold branch jet progressed earlier in the elbow case.
The velocity fluctuation intensity of V z in the elbow case had the same peak value with that in the straight case at Z=0.5D m . However, the fluctuation intensity in the upper half (y> -25mm) showed larger value in the elbow case than that of straight case. This difference was also seen at Z= -0.36D m (see Fig. 6 ). It is resulted from flow instability at the elbow outlet. The velocity fluctuation intensity of V y in the elbow case was larger than that in the straight case at entire height of y. The temperature fluctuation intensity was larger in the elbow case than in the straight case at peak position and also in the lower part (wake region). This is due to the larger fluctuation of V y . At Z=1.0D m , the peak value of temperature fluctuation in the elbow case was smaller than in the straight case due to lower gradient of temperature distribution. However, the lower part (near the wall) had still higher fluctuation intensity in the elbow case. The 11 th International Topical Meeting on Nuclear Reactor Thermal-Hydraulics (NURETH- o , r'=1mm) , where fluctuation intensity was high. The prominent frequency component was found in the straight case at 6Hz. The elbow case had also the prominent frequency component at the same frequency, 6Hz. The power of the prominent frequency at Z=1.0D m was higher than at 0.5D m in each case. Figure 16 shows time series of instantaneous velocity fields on a plane y= -65mm (see Fig. 3 ). Higher velocity flow developed at each side of the branch pipe opening alternately. These phenomena can be understand as a kind of Karman vortex behind the branch pipe jet. Power spectrum densities of velocity fluctuation at Points-X and Y (see Fig. 16 ) are shown in Figure 17 by axial (z) and transverse (x) components. In both components and both cases prominent frequency components were found at 6Hz and which corresponded to that in the temperature fluctuation. The St number (f/V m D b ) of this prominent frequency (6Hz) is 0.2. These facts mean that the prominent frequency of temperature fluctuation is resulted in Karman vortex behind the branch pipe jet. PSD of the temperature fluctuation in the elbow case had high power density in the low frequency (f<1Hz) than that in the straight case. This larger power in the low frequency resulted in the larger fluctuation intensity (rms) in the elbow case and also the low frequency component is of importance to convert to the stress.
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Upstream disturbance characteristics
The larger power density of temperature fluctuation in low frequency in the elbow case will be resulted from velocity fluctuation due to the elbow. Velocity and fluctuation intensity distributions in the elbow case are shown in Figure 18 at the inlet and outlet of elbow and Z= -1.0D m . The velocity profile at the outlet had low velocity region at inner side of the elbow due to the flow separation (see Fig. 11 ). Then local peak at inner side was formed at Z= -1.0D m . The velocity fluctuation intensities in lower half (y<0mm) were larger than in upper half at the elbow outlet and they still showed larger value at Z= -1.0D m than at the inlet of the elbow due to the flow separation. 1.E-04
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1.E-01 1.E+00 1. Figure 19 shows PSD of the velocity components V z at the elbow inlet (Points A and B) and Z= -1.0D m (Points C and D, see Fig. 18 ). The PSD was large at the inner side of elbow (Point D) especially in lower frequency (f<5Hz). This low frequency component due to the elbow will influence the temperature fluctuation in low frequency (f<1Hz, see Fig. 15 ).
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CONCLUSIONS
A water experiment using a simple T-pipe junction with upstream elbow in the main pipe was carried out to investigate thermal striping phenomena. Detailed fluid temperature and velocity distributions in the pipe were measured by using a movable thermocouple and high speed PIV, respectively. Following findings were obtained.
The flow visualization showed that the flow pattern in the T-junction was characterized by the branch pipe jet form. The flow pattern was classified into three patterns; (1)wall jet, (2)deflecting jet and (3)impinging jet according to the inflow condition. This flow pattern could be predicted by a momentum ratio M R between the two pipes.
The boundary lines between the flow patterns in the elbow case shifted toward larger momentum in the main pipe flow in the wall jet as compared with the straight case. This change was due to the biased velocity profile at the elbow outlet.
The temperature fluctuation intensity in the elbow case was larger than in the straight case especially in the wall jet pattern.
The power spectrum density (PSD) of the temperature fluctuation in the wall jet had a prominent frequency component at St=0.2 in the elbow case and the straight case. This is due to Karman vortex behind the branch pipe jet. The PSD in the elbow case had larger power density in low frequency (f<1Hz). This low frequency component is of importance on a point of conversion from fluid temperature to stress and will be resulted from flow separation at the elbow outlet. 
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